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Abstract

Oneof the exciting andunexpectedresultsof ergodic divertor operationin Tore Suprawas
the observation of edgetransportbarriers,producedby the magneticfield perturbation. In
the presentpaper, formationof internaltransportbarriersin the vicinity of rationalmagnetic
surfacesin tokamakswith braidedmagneticfieldsis studiedfor asimplemodelof theperturbed
magneticfield with abroadspatialspectrumandmonotonousshearprofile. Theislandoverlap
criterion is usedto derive a conditionfor barrierformationwhich links theamplitudeandthe
spectralwidth of the perturbationwith the shearparameter. The modelling of plasmaheat
conductivity using the 3D Monte-Carlofluid codeE3D confirmsthe formationof transport
barriersin thecaseof amonotonousshearprofile.

1. Intr oduction

Transportbarriersmaybelongto thosefeatureswhich perhapscanbeactively controlledfrom
theoutsideby ergodicdivertors. Therefore,an understandingof barrierformationcausedby
a spectrumof field perturbationscanalsobecomeessentialfor divertorsphysics. In various
tokamakexperiments,internal transportbarriers(ITBs) have beenobserved in the vicinity
of rationalmagneticsurfaces(see,e.g. [1]). Onepossiblereasonfor the formationof ITBs
is the local reductionof theanomaloustransportcausedby magneticfield perturbations.The
formationof transportbarriersin theergodicdivertorwheretheartificial ”anomalous”transport
dueto magneticfield braidingis dominanthasbeenobservedexperimentally[2] andmodelled
numerically[2,3]. Theroleof magneticperturbationsin formationof ITBs hasbeendiscussed,
in particular, in [4,5]. The fact that a decreaseof the shearparameterincreasesthe distance
betweenmagneticislandsanddisjoinsthemhasbeenusedasanexplanationfor theformation
of experimentallyobserved transportbarriersin the vicinity of the shearreversalpoint if the
rotational transformapproachesthe low order resonancevalue but doesnot crossit in this
point. At thesametime, it wasstatedin [4] thatnearintegervaluesof � do not play a positive
role for the monotonous� profile. In a recentanalysisof the possibility of barrierformation
in caseof a monotonous� profile usinga ”tokamap” modelfor the perturbedmagneticfield
[6], barriershave beenidentifiednearbrokenKAM surfaceswith ”most noble” valuesof the
rotationaltransform.

In the presentstudy, the formationof transportbarriersis modelledusinga simplified
magneticfield with broadpoloidal andtoroidal spatialspectraof the perturbationfield. For



suchfield spectrawhicharesaturatedexponentiallywith increasingangularwavenumbers,the
formationof ITBs nearrationalmagneticsurfacesis shown in caseof amonotonousprofile of���	��
 � .
2. Magnetic field model

A simplifiedproblemgeometryis consideredusinga straightperiodiccylinder wheretheaz-
imuth � representsthepoloidalangleandthecoordinatealongtheaxis  representsthetoroidal
angle ���� 
���� , with ��� ��� thecylinder period. Themainmagneticfield is assumedto have
constantshear, � � ��
 � ��� , where��� � � � is adimensionlessradius.Theperturbationfield
derivedfrom avectorpotentialof theform� � �"!$#�!�% #�! � #'&(�*) �,+'&-. /013254 / 607�254 698;:=<�> . �@?BAC�EDGF 1H7JILKNMPORQ ? . �-. � ? A �-A �"S % (1)

with +'&(�UTWV ACXZY , F 1\[ 7 areconstantphasevalues,and ] and ^ satisfy ] _ -. , ^`_ -A . The
perturbationfield is obtainedin theform+ba+�& � /013254 / 607�254 6dc 1e[ 7gfZh 8i> . �j?kAC�EDlF 1\[ 7mI % c 1e[ 7 � ) . -. KnMPO Q ? . �-. � ? A �-A �mSpo (2)

In orderto studythetransitionof suchasystembetweenregularandstochasticbehaviour using
theChirikov islandoverlappingcriterion,oneneedsto estimatethesizeof theislandstructure
neara given resonantmagneticsurfacewith �q�E� A �n
,.r� . Oneshouldtake into accountall
harmonicswith certainhelicity, .s�UtP.r� , A �ut A � , where t��uvd�J%nv � % oioio . Theequationfor
themagneticsurfacestakesthefollowing form,���� aw �yx �{z|�{z > A �.r� ? � > ��z I;I D 0m} �tP.r� c } 1H~�[ } 7i~ 8�:=<�> t > .r� �j?�A � � I DlF } 1H~�[ } 7i~�I ��TNV A�XZY o (3)

To estimatethesumin thesecondtermin (3), it is assumedthattheconstantphasevaluesF 1\[ 7
aredistributedrandomly. Neglectingexponentiallysmall contributionsfrom harmonicswith� . � _ -. , oneobtainsfor thissecondterm � > c 13~�[ 7Z~ 
,.r� Ii� -.�
,.r� . Thus,for smallperturbation
amplitudes) , theislandwidth is� � 1 ~ [ 7 ~�� Q ��� � c 13~�[ 7Z~ �� .r�W� z � S ����� Q -..r� S ��� � % � z � x �x�� �y� o (4)

Theradialpositionof a resonantsurfaceis � 1H~�[ 7i~ � A �N
 > � z .r� I � A �N
,.r� , therefore,thepar-
ticular chainof islandscoverstheradial interval � 13~�[ 7Z~ ? � � 13~�[ 7Z~ � � � � 1H~�[ 7i~ D � � 1H~�[ 7i~ . A
function � > � I is definedso that it is equalto 1 if � satisfiesthe this conditionfor at leastone
mode > .r��% A � I . � > � I is equalto zerootherwise.Therefore,in theregionswhere � > � I ��� one
canexpectstochastictransportdueto islandoverlappingandtheformationof ergodicmagnetic
field regions,while in theregionswith � > � I � � no islandsarepresentandtransportshouldnot
increase,i.e. a transportbarrieris formed.In Figs.1 and2, thefunction � > � I is shown for two
differentvaluesof theperturbationamplitude ) togetherwith resonantradii � 1e[ 7 correspond-
ing to low orderresonantsurfaces,. �*� , representedasvertical lines. Here, �b�(�s� in all
numericalexamples.
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Onecanobserve thatwith decreasingperturbationamplitudegapswhereareno islands(up to
thecut-off of thespectrum)appearandbecomebroader. Thesegapsfirst appearin thevicinity
of low orderresonantsurfacesonbothsidesof thecorrespondingislandchain.Onecanexpect
regularmagneticsurfacesto form first in theseregionswith decreasingperturbationamplitude.
This is confirmedin Figs.2 and3 wheretheresultsof Poincaŕe mappingsarecomparedwith
predictionsof theoverlappinganalysis.For thismapping,1000poloidalrevolutionshavebeen
performedfor a set of field lines startingat � � � at 20 equidistantradial positionsin the
interval � oËÊ � � �G� oËÌ .
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In order to derive the thresholdvalueof the perturbationamplitudefor an ITB formationat
somelow order resonancemagneticsurface > � > �Z� I � A �N
,.r� I onehasto find the distances
betweentheradiallocationsof theresonance> .r��% A � I andthenearestresonancewith different
helicity. In Figs.5 and6 the inversepoloidal wavenumber, ��
,. , is plottedasa function of
the resonanceposition �â� A 
,. for resonantmodeswithin the range ?�] � . �ã] and?�^ �äAå�¯^ whereM=N=20. Onecanobserve that only the highestmodeswith small
valuesof ��
,. arepresentin thevicinity of low orderresonances(e.g.,resonance1/2 in Fig.5,
andresonance2/5 in Fig. 6).
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With increasing] and ^ values,moreresonancescorrespondingto higherordermodesshould
appearin acloservicinity of theconsideredlow orderresonance.However, thesehighermodes
which have beeneliminatedfrom the spectrumarenot significantbecausethey areexponen-
tially small.
Thedistancebetween�i�Ü� A �N
,.r� andtheradiusof thenearestresonantmodeis ë �ì� ë ��
"� z �> � z .r� ] I 4 �\í > � z .r� -. I 4 � . Comparingthis distanceto theradialsizeof low orderislandstruc-
tures(4), oneobtainsacriterionfor thebarrierformation,îÞï �u�×zð��� c 1H~�[ 7i~ -.rñ ��� . ������ � �×z ) �b� > .r� -. I ����� � �J% (5)

whichlinks theperturbationamplitude) , thespectralwidth
-. andtheshear� z . Thisconditionis

mucheasierrealizedfor low valuesof .r� , thereforeITBs shouldfirst form at thelowestorder
resonantmagneticsurfaces. ComparingFig.1 with Fig.2 onecannoticethat new “barriers”
correspondingto the resonances2/5 and3/5 with .r�ò�ä� appearduring the transitionfrom) �yó@ô"� � 4 � to ) � � o �jô"� � 4 � . EstimatingîÞï with .r�b�y� , -.ä� ��� , ) � � o �jô"� � 4 � we obtainîÞï � � o � � whichagreeswith (5) up to anumericalfactorof orderone.

3. Heat conductivity

Thetransportpropertiesof thechosenmagneticconfigurationshave beenstudiedin theMHD
approximation. The 3D Monte-CarlocodeE3D [7] hasbeenusedto solve the problemof
heatconductivity. In particular, the stationaryproblemof heatpropagationfrom a constant
sourceat the innerboundarylocatedat �õ� � oËÊ wherea constantinput heatflux of 40 W was
sustainedto thewall locatedat �¢� � oËÌ wassolved. The boundaryconditionat thewall was
setto ö5÷ � � . The nonlineardependenceof the parallelheatconductivity coefficient on the
plasmatemperaturewasnot takeninto accountand ö � � � eV waschosenfor thebackground
plasma.A plasmadensityof A5÷ �ø� � �è� cm

4 �
wasassumed.All lengthscalesaremeasuredin

centimeters.Theperpendicularheatdiffusioncoefficient ùõú � 23cm
�

s
4 �

wastaken9 orders
of magnitude(by the factor � oÆÊ �ûô�� ��ü ) smaller than the parallel diffusion coefficient. The
magneticfield parameterswere

-.ý� -A �ã� � , ] � ^ � ��� . The resultsof E3D modelling
arepresentedin Figs.7 and8 wherethe radial profile of temperatureaveragedover both the
poloidalandthetoroidalangleis shown.
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Shadedareasrepresent”ergodic” regions where � > � I � � . In both cases,transportdue to
magneticfield braiding is dominantsince for the unperturbedmagneticfield case, ) � � ,
the temperatureprofile is closeto linear with a temperaturevalueat the inner boundaryof
� o ó'ôm� � � eV. It is easyto seethatin theregionswheretheoverlappingconditionis notsatisfied
thecalculatedtemperaturegradientis significantlyhigherthanin the”ergodic” shadedregions.
Therefore,MHD modellingconfirmsthepresenceof transportbarrierspredictedby theanalysis
of islandoverlap.

4. Conclusion

In this analysis,the internalmagnetictransportbarrierswhich form nearlow order rational
magneticsurfacesin caseof a monotoneous� profile areexplainedin termsof magnetictur-
bulencesuppression.A simplemagneticfield modelwheretheperturbationmagneticfield has
a broadspatialspectrumshows barrierpropertiessimilar to thoseobservedexperimentally. A
simplifiedanalysiswith anislandoverlapcriterionis confirmedthroughPoincaŕe mappingas
well asthroughdirect modelingof heattransport.Criterion (5) shows the importanceof the
shearvaluefor the formationof ITBs sinceit entersthis criterion togetherwith theperturbed
magneticfield amplitudein form of a product. Therefore,a reductionof shearfavours the
formationof ITBs. This alsostaysin agreementwith experimentalobservationsof electron
internaltransportbarriers[4,5] neartheshearreversalpoint.
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